Many medications affect performance, attention, and alertness. The most common such side effect is sedation (Ramaekers 1998) . Patients complain of somnolence, drowsiness, inability to concentrate, and diminished energy. On testing they tend to demonstrate diminished speed and accuracy of psychomotor and cognitive performance (Ramaekers 1998) . Psychoactive medications may also impair memory, attention, and concentration in the absence of sedative effects. There is a growing literature on the cognitive side effects of treatments for many types of disorders. For example, recent articles have described acute cognitive impairments associated with interferon-␣ treatment (Valentine et al. 1998 ), chemotherapy (van Dam et al. 1998, antianxiety treatments (Sumner 1998), and treatment for allergies (Fireman 1997) .
Many medications affect performance, attention, and alertness. The most common such side effect is sedation (Ramaekers 1998) . Patients complain of somnolence, drowsiness, inability to concentrate, and diminished energy. On testing they tend to demonstrate diminished speed and accuracy of psychomotor and cognitive performance (Ramaekers 1998) . Psychoactive medications may also impair memory, attention, and concentration in the absence of sedative effects. There is a growing literature on the cognitive side effects of treatments for many types of disorders. For example, recent articles have described acute cognitive impairments associated with interferon-␣ treatment (Valentine et al. 1998 ), chemotherapy (van Dam et al. 1998 , antianxiety treatments (Sumner 1998) , and treatment for allergies (Fireman 1997) .
A major problem in determining whether and to what extent drugs produce cognitive effects is that there are no standard effective means for objectively assessing cognitive impairments associated with pharmacological treatments. This lack of a clinical standard has N EUROPSYCHOPHARMACOLOGY 2002 -VOL . 26 , NO . 1 been cited as a major confounding factor in the discrepancies between the results of different clinical trials (Vermeulen and Aldenkamp 1995) . In most cases performance on an ad hoc battery of rating scales and behavioral tests of cognitive and psychomotor functions is employed. Such tests likely vary widely in their sensitivity. A subtler problem with this approach is the fact that behavior is the end product of many neural systems, some of which may be recruited or adapted in some way to compensate for deficits. That is, an individual might be able to temporarily mobilize the necessary mental resources to perform a cognitive test even when mildly debilitated but not be able to maintain such extra effort over the course of a workday. Conversely, a low level of test performance may reflect motivational rather than ability factors. Hence, in isolation, behavior may not provide an accurate picture of the effects of a medication on cognitive brain function.
Electroencephalogram (EEG) data can provide assessments of cognitive changes that complement the information provided by self-report and behavioral measures. When other factors are held constant, EEG signals tend to have high test-retest reliability (McEvoy et al., 2000; Salinsky et al. 1991) . Despite this stability under normal conditions, EEG signals can be very sensitive to variations in alertness (Broughton 1982; Gevins et al. 1977; Makeig and Jung 1995; Matousek and Petersen 1983; Oken and Salinsky 1992; Torsvall and Åk-erstedt 1988) , and/or the amount of effortful attention exerted during task performance (Gale et al. 1978; Galin et al. 1978; Gevins et al. 1997; Inouye et al. 1988; Miyata et al. 1990) . Because of such characteristics, EEG measures have often been used to help characterize the central effects of alcohol (Cohen et al. 1993; Davis et al. 1941; Lukas et al. 1986) , and psychoactive medications (Bruce et al. 1986; Hermann 1982; Saletu et al. 1994; Schulz et al. 1996; Semlitsch et al. 1995) .
In the context of such research a large number of studies have employed multivariate pattern classification techniques, including both linear discriminant analysis and neural network approaches, in efforts to automatically detect and classify patterns of EEG changes associated with pharmacological interventions. This has included efforts to discriminate the effects of different classes of psychoactive drugs (e.g., stimulants, antidepressants, tranquilizers, and neuroleptics) as an aid in the evaluation of new pharmacological agents (Hermann 1982) , to discriminate the effects of different drugs within a class such as different hypnotics used to induce anesthesia (Veselis et al. 1993 ) and different benzodiazepines used to promote sleep (Gevins et al. 1988) , and to examine dose-response relationships (Haring et al. 1994 ).
Most such pattern classification studies have been conducted using as input data EEG recorded from subjects that were passively resting or even unconscious., Recent studies, however, have demonstrated that similar results can be obtained from subjects actively engaged in cognitive task performance. For example, Gevins and used neural network based methods to compare task-related EEG features between alert and mildly intoxicated states, and between alert and drowsy states, in individual subjects. Using EEG features in the alpha and theta bands, an average crossvalidation classification accuracy of 98% was obtained across subjects for the alert versus mildly intoxicated comparison (average binomial p Ͻ .0001). Similarly, a cross-validation accuracy of 92% (range 84%-100%) was obtained for the alert versus drowsy comparison (average binomial p Ͻ .001). This indicates that task-related EEG variables can be used to detect neurofunctional states associated with mild and transient cognitive impairment.
To our knowledge no studies have yet systematically compared the relatively effectiveness of detecting the psychoactive effects of pharmacological interventions using behavioral versus EEG indices of functional status. Similarly, no reported studies have examined the utility of combining behavioral and neurophysiological measures in multivariate classifiers of drug effects, or have asked whether task related EEG measures complement or are redundant with resting EEG measures. By combining behavioral, resting state EEG measures, and task-related EEG measures it might be possible to detect the effect of medication on CNS function with greater sensitivity. The study reported herein examines this possibility. Multivariate pattern classification methods are applied to behavioral and EEG measures in an attempt to detect the acute CNS effects of several common psychoactive substances (caffeine, alcohol, and the antihistamine diphenhydramine) and to characterize their pharmacodynamics over an extended test session.
METHOD Subjects
All participation was fully informed and voluntary, and the experiment was conducted under appropriate guidelines for the protection of human subjects. Sixteen healthy adults (21-32 years, mean age 26 years, 8 females) received monetary compensation for participation in the study. All subjects were non-smokers, social drinkers (1-10 drinks per week), and moderate consumers of caffeine (1-4 cups of coffee per day). All subjects had consumed antihistamines at some time in the past, but none were currently taking antihistamines or any other psychoactive medications.
Tasks
Subjects performed two difficulty levels of a continuous performance, n -back working memory task (Figure 1 ), versions of which we have employed in many other EEG studies Gevins and Smith, 2000; Gevins et al. 1996 Gevins et al. , 1997 Gevins et al. , 1998 McEvoy et al. 1998; McEvoy et al., 2000; Smith et al. 1999) . In this task, subjects were required to compare the spatial location of the current stimulus with that of one presented previously. Briefly, single capital letter stimuli, drawn randomly from a set of twelve, were presented for 200 msec once every 4.5 sec on a computer monitor. At 1.3 sec prior to stimulus onset, a warning cue (a small "x") appeared in the center of the screen for 200 msec. The letter stimulus occurred 1.3 sec after the cue in one of twelve possible locations on the monitor. The identity of the letter and its spatial position varied randomly from trial to trial. A small fixation dot was continuously present at the center of the screen.
In a low load version of the task, subjects were required to match the position of the current stimulus with the position of the very first stimulus presented in the block. In a high load version of the task, subjects compared the current stimulus with that presented two trials previously. In this version subjects were required to remember two positions (and their sequential order) for the duration of two trials (nine seconds), and to update that information on each subsequent trial. In both versions of the task, stimuli were presented in blocks of 53 trials (the first three trials were warm-up trials and were discarded from analysis). Matches occurred randomly on 50% of the trials. Subjects were instructed to respond as quickly and as accurately as possible.
Procedure
Each subject participated in six sessions. The first session was a practice session in which subjects learned to perform the working memory tasks. Following informed consent procedures, subjects performed 300 trials at each level of the task load. Our prior research has indicated that this is sufficient practice for accuracy and reaction time scores to stabilize in the working memory task. After training, all subjects participated in four sessions, separated by at least one week. These sessions involved recording from subjects after they had ingested alcohol, caffeine, diphenhydramine, or placebo. Eleven of the sixteen subjects returned for an extra session, which was a retest of the diphenhydramine condition.
The four drug sessions were conducted according to a double blind, placebo-controlled, randomized, counterbalanced, crossover design. In each session subjects consumed two pills (unmarked gelatin capsules) and a mixed drink. The pills contained either 50 mg of the antihistamine diphenhydramine (active ingredient in Benadryl), 200 mg of caffeine (equivalent to approximately 2 cups of coffee), or a placebo consisting of powdered sugar. The pills were given with a 500 cc drink containing either 0.88g/kg 95% ethanol mixed in fruit juice (adequate to produce an average peak blood alcohol content [BAC] of 0.08), or containing 495 cc of fruit juice with 5 cc of alcohol floated on top to mimic the smell and taste of the treatment drink. The diphenhydramine retest condition was also performed in a double-blind manner, with both the subjects and the experimenters unaware of the nature of the test condition being repeated.
Each drug session involved a baseline recording prior to drug administration. This was followed by four post-drug recording intervals, each lasting approximately 40 minutes. The first interval began 0.5 hr after drug ingestion; the remaining three intervals occurred hourly thereafter. A scientist not otherwise involved in the experiment administered a Breathalyzer test at the beginning of each interval. Subjects also completed the Karolinska (Åkerstedt and Gillberg 1990) and Stanford (Hoddes et al. 1973 ) sleepiness scales at each test period. Task-related EEG was then recorded while subjects performed two blocks of the low load and high load versions of the working memory task (order of tasks counterbalanced across subjects) and while they rested quietly with their eyes open and closed.
EEG Recording and Preprocessing
EEG was continuously recorded from 28 scalp electrodes using a digitally linked mastoids reference. EOG was recorded from electrodes placed above and below one eye, and at the other canthi of each eye. Physiological signals were band-pass filtered at 0.01 to 100 Hz and sampled at 256 Hz. Data were digitally filtered offline Figure 1 . Schematic diagram of the low memory load and high memory load versions of the n-back WM task. Every 4.5 seconds, one of 12 possible capital letter stimuli appeared in one of 12 possible locations on a computer monitor. In the easy version of the task, subjects compared the location of the current stimulus, regardless of its identity as a letter, with the location of the very first stimulus in the block of 50 trials. In the difficult version of the task, subjects compared the location of current stimulus with the location of the stimulus presented two trials previously.
with a zero phase-shift 0.5 Hz high pass IIR filter. Automated artifact detection was followed by application of adaptive eye contaminant removal filters (cf. Du et al. 1994) . The data were then visually inspected and data segments containing possible residual artifacts were eliminated from subsequent analyses. To obtain power spectra, Fast Fourier transforms were computed on 50% overlapped, 512 sample Hanning windows for all artifact-free trials and averaged over all data within a condition. Average spectra were converted to dB power by normalizing them with a log 10 transform.
Analyses
To examine the effects of the pharmacological interventions on individual EEG or behavioral variables, univariate repeated measures analyses of variance (ANOVAs) were used to compare data from each of the three treatment conditions with the placebo condition. For performance measures, accuracy was characterized in terms of the ability to discriminate match trials from non-match trials, or d Ј (Swets 1964) . Reaction times were measured in milliseconds and then normalized prior to statistical analyses. In all cases, the treatment effects were defined as significant Treatment by Recording Interval interactions.
For neurophysiological features, average power was extracted from individual spectral bands at individual electrode sites, and then compared across test conditions. Decisions as to which parameters to extract from the spectra were based on the results of prior studies. For the task related EEG, past studies indicate that the frontal midline theta rhythm and the parietal alpha rhythm are sensitive to variations in the attentional demands of tasks. For example, past research indicates that these parameters are sensitive to the increase in difficulty in the working memory tasks employed here Gevins et al. 1997 Gevins et al. , 1998 McEvoy et al., 2000) . In this study, frontal midline theta was measured as the peak frequency between 5 and 7 Hz at electrode site AFz, and parietal alpha was measured as the average power in a 1Hz band around the peak frequency between 8 and 12 Hz at electrode Pz. For the EEG recorded under passive resting conditions, past studies indicate that activity in the delta and theta bands at posterior sites, and the alpha rhythm measured over the occipital region, are highly sensitive to variations in alertness and arousal (Davis et al. 1937; Gevins et al. 1977; Makeig and Jung 1995; Matousek and Petersen 1983; Oken and Salinsky 1992) . Herein, resting condition delta was measured as the average power between 2 and 4 Hz at Pz, and resting posterior theta was measured as the average power between 4 and 6 Hz at electrode site Pz. Resting occipital alpha was measured at Oz as the average power in a 1 Hz band around the peak frequency in the 8 and 12 Hz range. Each of the individual features was then compared between placebo and each drug condition in univariate ANOVAs with repeated measures.
In a second series of analyses, multivariate methodsstepwise linear discriminant analysis (LDA)-were used to determine whether the various treatments could be discriminated from placebo. In particular, for each treatment condition (caffeine, alcohol, or diphenhydramine), three sets of stepwise LDAs were performed in which the treatment was compared to the placebo in two-class discrimination problems. The three sets of analyses differed in the constellation of independent variables used. In one, task-related behavioral variables were used (Behavior LDA Analysis). In a second, neurophysiological variables recorded during task performance and during passive resting conditions were used (EEG LDA Analysis). The third used both behavioral and EEG variables (Combined LDA Analysis). In all three analyses, discriminant functions were restricted to a maximum of four variables. In each case LDA functions were derived from a set of measures that included both first-order predictor variables (e.g., performance speed or accuracy, EEG power in particular bands, etc.) and second-order, derived predictor variables. The second-order variables included measures such as changes in variables between high load and tasks, or between eyes-open and eyes closed resting conditions, or ratios of power in different EEG bands.
For each type of analysis, a two-step process was used to analyze the data from each session. First, data from all the post-treatment intervals were submitted to a stepwise LDA to discriminate between treatment and placebo conditions. The variables (features) chosen in this analysis (restricted to a maximum of four) were then submitted together to an LDA to discriminate treatment from placebo data in each interval (including the baseline interval as a control). The LDAs on the baseline interval and on all four post-treatment intervals were performed using a leave-out-one jack-knife cross-validation approach (Efron 1982) . In this approach the data from each of the 16 individual subjects was classified using equations that were first derived from the data provided by the other 15 subjects, and then independently applied to the remaining subject. The mean classification accuracy of the 16 such crossvalidation analyses was computed and the significance assessed using the binomial probability distribution. A conservative p Ͻ .01 criterion was adopted to impute statistical significance to the classification results.
RESULTS

Subjective Ratings
Following treatment, participants' self-reports on the Karolinska Sleepiness Scale indicated that they felt most alert in the caffeine test condition and least alert during the diphenhydramine test condition (Figure 2 ). These differences were reflected in a Drug by Recording Interval interaction (F(12,168) ϭ 6.54; p Ͻ .001). Treatment with caffeine did not produce subjective sleepiness ratings significantly different from placebo. This lack of significant change may reflect a floor effect in the well-rested subjects. Treatment with diphenhydramine led to a significant increase in subjective sleepiness relative to placebo at the 2.5-3 hr and 3.5-4 hr post-treatment intervals. Treatment with alcohol, which reached peak BAC ϭ 0.08 on average during the first post-treatment interval and which declined steadily to a BAC ϭ 0.03 on average by the last post-treatment interval, produced a significant increase in subjective sleepiness relative to placebo at the 1.5-2hr, 2.5-3 hr, and 3.5-4 hr post-treatment intervals. Results with the Stanford Sleepiness Scale were in accordance with these observations.
Summary of Behavioral Performance Effects
In all drug conditions, subjects responded faster (F(1,14) ϭ 61.60; p Ͻ .001) and more accurately (F(1,14) ϭ 23.77; p Ͻ .001) in the low load WM task condition than in the high load condition. The pattern of drug-related changes in overt task performance was similar to that observed for the subjective ratings (Figure 3) , with significant Treatment by Recording Interval interactions for both RT (F(12,168) ϭ 4.63; p Ͻ .001) and accuracy (F(12,168) ϭ 4.54; p Ͻ .001). No significant behavioral differences were observed when comparing caffeine to placebo. For the alcohol treatment, no significant main effects were observed for either accuracy or reaction time relative to Placebo. Alcohol did have a more subtle effect on reaction times though, producing a treatment by task load interaction whereby reaction times following alcohol were slightly faster in the high load task, and slightly slower in the low load task, relative to responses in the placebo condition (F(1,14) ϭ 11.60; p Ͻ .01). In contrast, after treatment with diphenhydramine subjects performed the both task levels significantly more slowly (F(4,60) ϭ 4.98; p Ͻ .001) and less accurately (F(4,60) ϭ 9.67; p Ͻ .001) than in the placebo condition, with a nadir in the third post-ingestion interval (2.5-3 hours post drug).
Summary of Neurophysiological Effects
In the placebo condition and in the pretreatment baseline test sessions, neurophysiological parameters varied across the different test conditions in a predictable fashion. For example, alpha band EEG measures were attenuated in the eyes-open resting condition relative to the eyes-closed resting conditions. The major differences in EEG parameters between the high load and low load versions of the WM task also replicated past Effects of placebo, caffeine, diphenhydramine and alcohol on average (ϮSEM) accuracy and reaction time of working memory task performance during each of five successive intervals beginning with pre-drug ingestion (Ϫ.5-0 hr) and extending up to four hours post-drug ingestion (3.5-4 hr). Accuracy and reaction time measures have been collapsed across difficulty levels. Performance in the diphenhydramine condition was significantly slower and less accurate compared to that in the placebo condition. In contrast, overall performance in the caffeine and alcohol conditions did not greatly differ from performance following the placebo.
studies Gevins et al. 1997 Gevins et al. , 1998 McEvoy et al., 2000) . In particular, the frontal midline theta signal reliably increased with increased task difficulty, and the parietal alpha signal was attenuated in the more difficult task. When compared with the placebo condition, the different pharmacological treatments resulted in distinct changes to neurophysiological parameters. These changes are summarized in Table 1 . Caffeine had the least effect on neurophysiological parameters. Caffeine did not produce significant differences in resting EEG data relative to placebo; however it did produce a significant reduction in alpha band power at parietal sites during the performance of both task conditions (F(4,60) ϭ 4.91; p Ͻ . 01). Alcohol had the largest effect on neurophysiological parameters. Alcohol increased the power in the delta (F(4,56) ϭ 3.56; p Ͻ .05) and theta (F(4,56) ϭ 6.73; p Ͻ .01) EEG bands during both resting conditions. During task performance alcohol was associated with an increased in the amplitude of both the frontal midline theta rhythm (F(4,56) ϭ 12.45; p Ͻ .01) and the parietal alpha rhythm (F(4,56) ϭ 14.71; p Ͻ .001) in both high load and low load task conditions. Diphenhydramine had large effects on neurophysiological parameters during resting conditions, but relatively subtle effects on the EEG during task performance. In particular, diphenhydramine was associated with an increase in power in the delta (F(4,60) ϭ 4.37; p Ͻ .01) band during both resting conditions. Power in the theta band also showed a trend towards increasing with diphenhydramine in both resting states (F(4,60) ϭ 2.83; p Ͻ .07). In contrast, diphenhydramine was associated with an attenuation of power in the alpha band in the eyesclosed resting condition (F(4,60) ϭ 6.37; p Ͻ .01), but no significant change in power during the eyes-open resting condition. During task performance diphenhydramine was associated with a reduction in power for the frontal midline theta rhythm in the high load task only (F(4,60) ϭ 3.99; p Ͻ .05). This task-specific reduction in the frontal midline theta rhythm effectively eliminated the difference in frontal midline theta power that was otherwise observed between high load and low load task conditions.
Multivariate Detection of Treatment with Caffeine
The Behavior LDA Analysis did not produce significant discrimination between the caffeine and placebo conditions in any interval. In contrast, the EEG LDA Analysis significantly discriminated caffeine from placebo beginning with the first post drug interval (0.5-1 hr post drug; binomial p Ͻ .01). The difference peaked in the second interval (1.5-2 hrs post drug; binomial p Ͻ .001), and remained significant throughout the session (Figure 4) . This analysis used a combination of resting and task-related EEG features. It consisted of two resting EEG features (posterior delta power recorded during eyes open and eyes closed states) and two second-order task-related EEG features (the difference in frontal midline theta power between the low load and high load task, and the difference in alpha power between the resting, eyes open state and performance of the high load task). At the peak discrimination interval, the highest weights were given to the two resting variables, with slightly greater weight given to the eyes open variable. The frontal midline theta variable received the lowest weight. In the Combined LDA Analysis, significant discrimination occurred in the second (1.5-2 hours) and third (2.5-3 hours) post treatment intervals only (binomial p Ͻ .001). This analysis used three of the variables included in the EEG analysis (posterior delta power during the eyes open state, the difference in frontal midline theta power between the low load and high load task, and the difference in alpha power be- 
Multivariate Detection of Treatment with Alcohol
The Behavior LDA Analysis produced significant (binomial p Ͻ .01) discrimination between the alcohol and placebo conditions in the second (1.5-2 hrs post drug) post-treatment interval only. This analysis used two behavioral features, reaction time variability in the low load level of the task, and a measure of the speed/accuracy tradeoff (reaction time divided by accuracy) in the high load level of the task. At the interval of significant discrimination, both variables were almost equally weighted in the discriminant equation. In contrast, the EEG LDA analysis showed significant discrimination (binomial p Ͻ .001) between alcohol and placebo conditions in all post-treatment intervals, with the peak difference occurring 2.5 to 3 hrs post treatment. This analysis used two alpha features in the eyes closed resting state: one recorded over frontal areas and the other recorded over occipital areas. It also used alpha over frontal areas during performance of the low load task, and posterior theta power during performance of the high load task. The highest weight was given to the frontal alpha measures, with the resting alpha receiving the highest weight during the first two post drug intervals and the task alpha receiving the highest weight during the third and fourth post drug intervals. The remaining two measures received equivalent low weightings for all four post drug intervals. The Combined LDA used the same three alpha features as the EEG LDA analyses and also used a behavioral measure: average reaction time divided by reaction time variability in the high load task, although this feature received a very low weight in the equations. The results of the Combined LDA were very similar to those of the EEG LDA ( Figure 5 ), and the three EEG measures received similar relative weightings as in the EEG LDA.
Multivariate Detection of Treatment with Diphenhydramine
All three sets of analyses produced significant discrimination between the diphenhydramine and placebo conditions ( Figure 6 ). The Behavior Analysis used two variables (reaction time variability in the low load task and response accuracy in the high load task; the former received the highest weighting in the equations). Significant classification was only obtained in the second and third post-drug intervals, with peak discrimination occurring in the third post drug interval (binomial p Ͻ .001). Discrimination returned towards chance levels in the final post-drug interval (3.5-4 hrs post drug). The EEG Analysis used two second-order task-related EEG Figure 4 . Binomial significance of the cross-validated classification outcomes of the linear discriminant functions distinguishing data obtained in the caffeine condition from that obtained in the placebo condition, using three types of indices. The Behavioral index used working memory task performance features, the EEG index used EEG features recorded during task performance or passive resting states. The Combined index used both performance and EEG features. It was not possible to discriminate caffeine from placebo using just behavioral measures. In contrast, the conditions could be discriminated in each of the four post-drug intervals using EEG measures, or in the first three post-drug intervals using combined EEG and behavioral measures. Binomial significance of the cross-validated classification outcomes of the linear discriminant functions distinguishing data obtained in the alcohol condition from that obtained in the placebo condition, using three types of indices. The Behavioral index used working memory task performance features, the EEG index used EEG features recorded during task performance or passive resting states. The Combined index used both performance and EEG features. Using behavioral features alone, the two conditions could be discriminated only in the second post treatment interval, occurring 1.5 to 2 hr post drug ingestion. In contrast, the indices using EEG features showed significant discrimination between the two conditions in all post treatment intervals.
variables and two second-order resting EEG variables. The task related variables included the difference in frontal midline theta power between the low load and high load task and the difference in alpha power between the resting, eyes open state and performance of the high load task. The resting EEG variables included the ratio of theta to alpha power over occipital channels in the eyes open state and the equivalent ratio in the eyes closed state. It revealed a similar pattern of discrimination as the Behavior Analysis, although with greater classification accuracy (binomial p Ͻ .00001) at the peak interval and with significant discrimination extending through the final post-drug interval (3.5-4 hrs post drug; binomial p Ͻ .01). The highest weightings were given to the resting EEG variables, followed by the frontal midline theta feature. The Combined Analysis used one behavioral feature (reaction time variability in the low load task), two second order task-related EEG features (the difference in frontal midline theta power between the low load and high load task and the difference in alpha power between the resting, eyes open state and performance of the high load task) and one second-order resting EEG variable (the ratio of theta to alpha power over occipital channels in the eyes closed state). It produced better discrimination between diphenhydramine and placebo than did the other two analyses at the second post-drug interval (1.5-2 hr post drug; binomial p Ͻ .0001). This analysis also showed peak discrimination during the third post drug interval (2.5 -3 Hr post drug, binomial p Ͻ .00001), and significant discrimination during the final interval (3.5-4 hr post drug; binomial p Ͻ .01). Again the resting EEG feature received the highest weighting, with the other three features receiving equivalent moderate weights. As with the analysis of the caffeine data, this analysis also resulted in the selection of both EEG and behavioral variables, again suggesting that the two classes of inputs provided complementary rather than redundant information.
Retest Reliability of Diphenhydramine Effects
The eleven subjects who participated in the retest of the diphenhydramine treatment condition experienced similar levels of subjective drowsiness in the retest session as in the first diphenhydramine session. With respect to behavioral performance, subjects also showed similar increases in reaction time and decreases in accuracy in the retest session as in the original diphenhydramine session, with significant performance decrements in the second and third recording interval. EEG variables also showed similar effects between the two test sessions. That is, diphenhydramine was associated with an increase in the incidence of power in the delta and theta EEG bands during both resting conditions, attenuation of power in alpha band in the eyes-closed resting condition, and a relative reduction in power for the frontal midline theta rhythm in the high load task.
Two approaches were used to examine the reliability of the multivariate method for detecting the effects of diphenhydramine. In the first, we attempted to discriminate the data obtained from the original diphenhydramine session from that obtained in the second diphenhydramine session for the 11 subjects who participated in the retest condition. No variables could be found to discriminate between the two data sets, signifying that there were no systematic differences between the retest diphenhydramine data and the original data. In a second analysis, we tested the reliability of the multivariate method for discriminating drug data from placebo data. For this analysis, we first recomputed the Combined Analysis (described above) to discriminate the original diphenhydramine data from the placebo data using only the 11 subjects who participated in both the original and retest sessions. Since there were fewer subjects in this analysis than in the original analysis (n ϭ 11 vs. n ϭ 16), we restricted the discrimination function to a maximum of three variables. The recomputed index again included both EEG and behavioral variables, and it showed significant discrimination of drug from placebo data beginning at 1.5 hours post drug and lasting until the end of the session, with peak discrimination occurring at 2.5-3 hours post drug. The function Figure 6 . Binomial significance of the cross-validated classification outcomes of the linear discriminant functions distinguishing data obtained in the diphenhydramine condition from that obtained in the placebo condition, using three types of indices. The Behavioral index used working memory task performance features, the EEG index used EEG features recorded during task performance or passive resting states. The Combined index used both performance and EEG features. Although all three indices showed significant discrimination beginning in the interval 1.5 to 2 hr post drug ingestion, the Combined index showed the highest level of discrimination at this point. All indices showed peak discrimination in the interval 2.5 to 3 hr post drug. The EEG and Combined index showed significant discrimination in the final interval (3.5-4 hr post drug) but the Behavioral index did not. obtained on the original data was then used to discriminate the retest data from the placebo data. Similar levels of discrimination were found for the retest data as for the original data (Figure 7) , confirming that the effects of diphenhydramine on EEG and behavioral variables were very similar in the two sessions.
DISCUSSION
The objective of this study was to determine whether multivariate pattern classification methods applied to combinations of EEG measures and measures of overt task performance could be used to detect the acute CNS effects of common psychoactive substances (caffeine, alcohol, and the antihistamine diphenhydramine) and to characterize their pharmacodynamics over an extended test session. The pharmacological interventions produced changes in behavior and brain function consistent with past studies of their effects. For each treatment, multivariate detection functions could be derived that were sensitive and specific, and the cross-validation strategy indicated that such functions could generalize to data from new subjects. These findings are discussed below.
Changes in Task Performance Following Treatment with Caffeine, Alcohol, or Diphenhydramine
The observed effects of the pharmacological treatments on task performance are largely consistent with the findings of past studies. Caffeine increases arousal, reduces fatigue, and, in moderate doses, can speed responses and improve performance on attention tasks (Jacobson and Edgley 1987; Jarvis 1993; Lorist et al. 1996 ). In the current study, subjects performed the tasks slightly faster and more accurately following caffeine ingestion, but this trend was not statistically significant. This lack of a performance enhancing effect of caffeine is not surprising given the test conditions employed here. First, the subjects had been highly practiced on the tasks on several occasions prior to the point at which the critical data were collected; because of this extensive practice their accuracy and response speed had likely reached asymptotic levels. In this respect these data are equivalent to the negative results described by Lorist and Snel (1997) , who also failed to find significant performance enhancing effects of caffeine in highly practiced subjects. Second, performance improvements with caffeine ingestion are typically larger in fatigued subjects (Lorist et al. 1994a (Lorist et al. , 1994b ). In the current study, subjects were well rested at the beginning of the test sessions, and subjective ratings suggest that they did not experience any significant increase in fatigue over the course of the test session in the placebo or caffeine conditions.
Alcohol is a central nervous system depressant. In past studies of the cognitive effects of alcohol it has been observed to slow psychomotor responses and to decrease accuracy in simple vigilance and sustained attention tasks (Koelega 1995; Rohrbaugh et al. 1988) , and to modify response biases in immediate memory and continuous performance tasks (Dougherty et al., 2000) . Such effects were most reliably observed at dose levels approximately 20% higher than those used in the current study. At the dose level employed in the current study, alcohol did not significantly reduce accuracy but it did have complex effects on response speed, slowing responses to stimuli in the low load task and speeding them in the high load task. Relatively subtle effects of low doses of alcohol on performance were also found in a prior study that utilized the same tasks employed here .
The antihistamine diphenhydramine has been noted to produce subjective sedation and to impair cognitive function, particularly in tasks that require sustained attention and speeded visual-motor responses (Fine et al. 1994a; Gengo et al. 1989; Gengo et al. 1990; Kay et al. 1997; Moskowitz and Burns 1988; Rice and Snyder 1993; Witek et al. 1995) . In the current study we found that responses were significantly slower and less accurate following ingestion of diphenhydramine relative to the other test conditions. Similar effects have been observed in prior studies that have examined performance following diphenhydramine administration in subject populations and under dosing ranges and procedural conditions approximating those in the current study (Fine et al. 1994b; Oken et al. 1995; Rice and Snyder 1993; Tharion et al. 1994) . Of particular interest is the observation that the behavioral impairment produced by 50 mg of diphenhydramine was substantially greater than the behavioral change observed following a dose of alcohol adequate to raise blood alcohol to the Figure 7 . Binomial significance of the linear discriminant functions discriminating placebo data from the first (original) and second (retest) diphenhydramine conditions, using a Combined Index composed of behavioral and electrophysiological variables. The LDA was performed on the original data for the 11 subjects participating in the retest condition, and then validated by application to the retest data.
level of legal intoxication in many states. This finding is consistent with another recent study that reported that simulated driving performance was worse following treatment with diphenhydramine than following a legally intoxicating dose of alcohol (Weiler et al., 2000) .
Changes in Neurophysiological Activity Following Treatment with Caffeine, Alcohol, or Diphenhydramine
The particular measures of brain electrical activity made in this study were selected on the basis of past studies that have shown them to be sensitive to variations in alertness or attentional effort (Oken and Salinsky 1992) . For example, past studies have shown that in the EEG recorded under passive resting conditions, drowsiness is associated with an increase in spectral power in the delta band (Ͻ4 Hz) and the lower portion (4-6 Hz) of the theta band, and with attenuation of alpha band (8-12 Hz) signals under eyes closed states (Davis et al. 1937; Gevins et al. 1977; Makeig and Jung 1995; Matousek and Petersen 1983; Oken and Salinsky 1992) . Past studies with the tasks employed here have also identified signals that vary systematically with changes in task difficulty and hence the degree of attentional effort demanded for accurate task performance Gevins and Smith, 2000; Gevins et al. 1996 Gevins et al. , 1997 Gevins et al. , 1998 McEvoy et al. 1998; McEvoy et al., 2000) . In particular, such studies have demonstrated that the frontal midline theta (5-7 Hz) rhythm tends to be larger in the high load task condition, whereas the lower portion (8-10 Hz) of the alpha band tends to be attenuated with increased task difficulty. Because the neurophysiological measures described above are sensitive to variations in alertness or attentional effort, it was anticipated that they might also be affected by the pharmacological treatments that were introduced. The results confirmed this expectation. Caffeine, alcohol, and diphenhydramine each produced a distinct pattern of changes in these variables. Consistent with the data on subjective alertness and with the overt performance results, the neurophysiological measures recorded following treatment with caffeine differed relatively little from those recorded in the placebo condition. In the eyes-closed resting data, caffeine tended to be associated with a decrease in EEG activity in the delta and theta bands, and an increase in EEG activity in the alpha band. While these findings are suggestive of increased alertness, the changes were not statistically reliable across the group of subjects. The only significant change produced by caffeine was a reduction in alpha band activity during task performance, a result suggesting that subjects were somewhat more attentive to task performance than they were under placebo conditions.
In contrast, alcohol produced large significant effects on both the resting and task related EEG. These effects were disproportionate to the relatively subtle behavioral changes it produced. During both resting conditions the largest alcohol-related changes were an increase in spectral power in the delta and theta bands. While such a change is consistent with a relative decrease in arousal, such an inference must be made with caution given the absence of neurophysiological signs of drowsiness characteristic of passive resting conditions. During both task performance conditions alcohol was associated with an increase in spectral power for the frontal midline theta rhythm and in the lower portion of the alpha band. Since these changes occurred independently of the task demands placed on the subject, they are unlikely to reflect specific changes in the way that attentional resources were allocated to the tasks. Rather, the general increase in rhythmic EEG activity following alcohol ingestion observed here and in other studies (Cohen et al. 1993; Davis et al. 1941; Gevins and Smith 1999; Lukas et al. 1986 ) suggests that acute treatment with alcohol changes the intrinsic oscillatory properties of cortical neurons.
Past studies have indicated that diphenhydramine produces changes in EEG signals that are similar to those associated with increased drowsiness (Oken et al. 1995) . The data from the current experiment are consistent with this view. In particular, during resting conditions treatment with diphenhydramine produced an increase in power in the delta band, a decrease in alpha band power during eyes-closed conditions, and an increase in the incidence of slow eye movement activity. These changes in neurophysiological indicators of drowsiness are consistent with the subjective reports of increased drowsiness following diphenhydramine ingestion, and with the impaired task performance. In contrast to the effects of alcohol, diphenhydramine had relatively subtle and specific effects on the task-related EEG. In particular, diphenhydramine attenuated the increased power for the frontal midline theta rhythm that is otherwise observed in the high load task relative to the low load task. To the extent to which the typical task load-related increase in this signal reflects effortful attention, this task-specific increase suggests that following diphenhydramine administration subjects were unable or unwilling to expend additional mental effort to confront the increase in task demands.
Multivariate Detection of Drug Effects
The LDA analyses performed in the current study established that the types of pharmacologically-induced behavioral and EEG changes described above are robust enough to be detected in most individual subjects. Moreover, for each treatment intervention the sensitivity of the classification function was greatly improved by the inclusion of EEG measures. For caffeine, it was not possible to derive a function capable of discriminat-ing treatment and placebo data at above chance levels during any time period when only behavioral measures were used. In contrast, when EEG and behavioral measures were both included in the LDA, highly significant detection of the caffeine treatment was obtained. Similarly, an LDA restricted to behavioral measures was only able to detect treatment with alcohol at a weakly significant level in one post-treatment interval; with the addition of EEG variables highly significant classification was achieved in all post-treatment intervals. Even in the case of diphenhydramine, where treatment was found to produce significant response slowing and decreased accuracy relative to the placebo condition, the addition of EEG variables was found to dramatically improve the sensitivity of LDA based classification functions. Together these results provide strong evidence that there is substantial value added by the inclusion of physiological measures of brain function in efforts to sensitively characterize the pharmacodynamics of psychoactive substances.
The results also suggest that there is value to recording the EEG during resting states as well as during active task performance conditions. When considering the treatment effects on univariate neurophysiological parameters, each treatment was found to produce a distinct pattern of changes across the various test conditions. For example, for caffeine, EEG parameters most reliably differed from placebo during performance of both low load and high load WM tasks, but not during resting states. For alcohol, EEG parameters reliably differed from placebo during both resting states and performance of both WM task versions. For diphenhydramine, EEG parameters reliably differed from placebo during resting states and selectively during performance of the high load WM task. These different patterns of results indicate that the neurophysiological changes that accompany a particular psychoactive treatment are dependent upon the functional demands placed on the individual being tested. Furthermore, each stepwise LDA analysis performed using neurophysiological measures as input variables yielded classification functions that included combinations of resting and task-related data. This pattern of results implies that measures of changes in EEG variables across levels of functional demand provide particularly sensitive indices of the way in which brain function is affected by pharmacological interventions.
Finally, even though examples of a particular subject's behavior and EEG data were not used in the development of the functions used to classify their data, a high degree of classification accuracy was nonetheless achieved. The successful leave-out-one-subject crossvalidation strategy indicated that there was a good deal of commonality across individuals in the characteristic effects of the treatments, and that the classification functions did not just reflect serendipitous fits to the particular training datasets from which they were derived. Furthermore, the successful cross-validation of a combined function derived from the first test day with diphenhydramine accomplished by applying it to the data from the diphenhydramine retest session illustrates the high degree of reliability in neurocognitive responses to the pharmacological treatment.
CONCLUSIONS
The results from this study lend themselves to several conclusions. First, whereas behavioral measures are sometimes adequate for detecting the effect of a pharmacological treatment on cognitive function, it is possible to detect such effects with much greater sensitivity with the addition of EEG measures of brain activity. Second, different pharmacological interventions appear to elicit different patterns of EEG changes depending upon whether or not an individual is actively engaged in task performance. As a result, there is also a benefit to classifier performance derived from including samples of both resting and task related EEG data. Third, the behavioral and EEG effects produced by pharmacological interventions appear to be fairly homogenous across individuals and fairly stable within individuals across multiple test sessions. Because of this stability it is possible that standardized multivariate detectors of EEG and behavioral changes could be used to characterize the cognitive effects of particular pharmacological interventions across time, experiments, and laboratories. Such results provide compelling evidence to suggest that physiological indices add substantial value when assessing the neurocognitive effects of pharmacological interventions. They also suggest that the multivariate procedures used here could be developed into a sensitive test of the psychoactive properties of new drugs, or of existing drugs that have effects that are less well understood than those observed for caffeine, alcohol, and diphenhydramine.
